Two rhadinovirus lineages have been identified in Old World primates. The rhadinovirus 1 (RV1) lineage consists of human herpesvirus 8, Kaposi's sarcoma-associated herpesvirus (KSHV), and closely related rhadinoviruses of chimpanzees, gorillas, macaques and other Old World primates. The RV2 rhadinovirus lineage is distinct and consists of closely related viruses from the same Old World primate species. Rhesus macaque rhadinovirus (RRV) is the RV2 prototype, and two RRV isolates, 26-95 and 17577, were sequenced. We determined that the pig-tailed macaque RV2 rhadinovirus, MneRV2, is highly associated with lymphomas in macaques with simian AIDS. To further study the role of rhadinoviruses in the development of lymphoma, we sequenced the complete genome of MneRV2 and identified 87 protein coding genes and 17 candidate microRNAs (miRNAs). A strong genome colinearity and sequence homology were observed between MneRV2 and RRV26-95, although the open reading frame (ORF) encoding the KSHV ORFK15 homolog was disrupted in RRV26-95. Comparison with MneRV2 revealed several genomic anomalies in RRV17577 that were not present in other rhadinovirus genomes, including an N-terminal duplication in ORF4 and a recombinative exchange of more distantly related homologs of the ORF22/ORF47 interacting glycoprotein genes. The comparison with MneRV2 has revealed novel genes and important conservation of protein coding domains and transcription initiation, termination, and splicing signals, which have added to our knowledge of RV2 rhadinovirus genetics. Further comparisons with KSHV and other RV1 rhadinoviruses will provide important avenues for dissecting the biology, evolution, and pathology of these closely related tumor-inducing viruses in humans and other Old World primates.
K
aposi's sarcoma-associated herpesvirus/human herpesvirus 8 (KSHV) was first detected in 1994 in Kaposi's sarcoma (KS) lesions of individuals with human immunodeficiency virus (HIV)-AIDS (1) . Subsequent studies have shown that KSHV is etiologically associated with all forms of KS, including classical (HIV-negative), AIDS-related, endogenous, and iatrogenic KS (2) . In addition, KSHV plays a role in the pathogenesis of two B-cell lymphoproliferative disorders, primary effusion lymphoma (PEL) and multicentric Castleman's disease (MCD/MCD-associated plasmablastic lymphoma) and is associated with HIV-related diffuse large B-cell lymphoma (3) . Sequence analysis of the KSHV genome revealed a close similarity in sequence and gene organization with herpesvirus saimiri (HVS), the prototype of the Rhadinovirus genus of gammaherpesviruses found in the New World squirrel monkey (4) . The KSHV genes were annotated using the HVS nomenclature for conserved genes (open reading frames [ORFs] 2 to 75), and novel genes present in KSHV were given a K designation (K1 to -15) . A more distant evolutionary relationship was noted to Epstein-Barr virus (EBV), the prototype of the Lymphocryptovirus genus of gammaherpesviruses. While the KSHV genome contained a large set of core herpesvirus genes conserved between the alpha-, beta-, and gammaherpesviruses, the KSHV-specific genes showed homology to a variety of cellular host genes that have been captured during virus evolution (5) . These viral homologs of cellular genes are believed to contribute unique biological properties to KSHV functioning to disrupt antiviral responses, cytokine-regulated cell growth, apoptosis, and cell cycle control (6) .
Two distinct lineages of rhadinoviruses related to KSHV have been identified in Old World primates (7, 8) . The rhadinovirus 1 (RV1) rhadinovirus lineage consists of KSHV and its homologs in different nonhuman Old World primate species, including macaques, monkeys, drills, gorillas, and chimpanzees (7, (9) (10) (11) . The prototype macaque RV1 rhadinovirus is RFHVMn, the retroperitoneal fibromatosis herpesvirus (RFHV) from the pig-tailed macaque (Macaca nemestrina). Closely related RFHV variants have been detected in other macaque species, including RFHVMm (rhesus macaque; Macaca mulatta) and RFHVMf (long-tailed macaque; Macaca fascicularis). The RV2 rhadinovirus lineage consists of a group of more distantly related viruses, which coinfect the same Old World primate species (7, 8, 10, (12) (13) (14) . Rhesus rhadinovirus (RRV) is the prototype macaque RV2 rhadinovirus, although closely related RV2 rhadinoviruses have also been detected in other macaque species, including MneRV2/PRV (pigtailed macaque), MfaRV2 (long-tailed macaque), and MfuRV2/ JMRV (Japanese macaque; Macaca fuscata) (8, (15) (16) (17) . The macaque RV1 and RV2 rhadinoviruses are highly prevalent and persistent in captive macaque populations with infection rates exceeding 90% (16, 18, 19) . A high proportion of macaques show evidence of coinfection with both RV1 and RV2 rhadinoviruses (16, 19) .
RFHVMn and other RFHV variants were initially detected in retroperitoneal fibromatosis (RF) lesions, KS-like tumors in macaques with simian AIDS (9) . Subsequent studies showed that the RF spindloid tumor cells were infected with RFHV as antibodies to the RFHV ORF73 latency-associated nuclear antigen (LANA) strongly reacted with the tumor cell nuclei. High levels of RFHV DNA were detected by quantitative PCR (qPCR) in the tumor lesions, consistent with a widespread latent infection with approximately 3 to 4 RFHV genomes/cell (20) (21) (22) . RV2 rhadinoviruses, including RRV, MneRV2, and MfaRV2, have been detected in Tand B-cell lymphomas in different macaque species with simian immunodeficiency virus (SIV)-associated simian AIDS. Early and late cycle gene products were detected by immunohistochemistry (IHC) in the lymphoma tumor cells, and up to 800 RV2 genomes/ cell were detected by qPCR, consistent with a widespread RV2 lytic infection in the lymphoma (23) . The combination of quantitative PCR and IHC detection of RV1 and RV2 rhadinovirus infection in the macaque RF and lymphoma tumor cells provides strong evidence for a causative association (21, 23) . Other studies have detected RRV in SIV-associated experimentally induced B-cell hyperplasia and lymphoproliferative lesions (24, 25) , although the extent of the infection was not quantitated. Furthermore, MfuRV2, the Japanese macaque RV2 rhadinovirus, was identified in animals with a spontaneous multiple sclerosis-like disease (17) , but no viral quantitation or IHC analysis was performed to provide evidence for a biological role in the disease.
The complete genome sequences have been determined for the pig-tailed macaque RV1 rhadinovirus RFHVMn (26) , multiple variants of the rhesus macaque RV2 rhadinoviruses RRV17577 (27) and RRV26-95 (28) , and the Japanese macaque RV2 rhadinovirus MfuRV2 (29) . Comparison of genome sequences demonstrated that the RFHVMn and KSHV genomes were highly conserved. RFHVMn contained homologs of all of the KSHV-specific genes, except ORFs K5 and K6 (26) , but lacked a homolog of ORF11, which is distantly related to ORF10. The RRV and MfuRV2 genomes showed a high conservation of herpesvirus core gene sequences with the KSHV and RFHVMn genomes; however, homologs of most of the KSHV-specific ORFs, including K3, K4.1, K4.2, K5, K6, K7, K10, K10.5, K11, and K12, were not detected. The RRV and MfuRV2 genomes were colinear with KSHV and RFHVMn, except that the ORF2 viral dihydrofolate reductase (vDHFR) homolog was positioned near the far left end of the RV2 genomes, and the genomes contained an 8-fold duplication of the KSHV ORFK9 viral interferon. Evolutionary analysis suggests that the position of the RV2 vDHFR homolog represents the original capture event of a cellular DHFR gene and that the RV1 vDHFR homologs subsequently relocated (28, 30) . The two sequenced RRV variants, RRV17577 and RRV26-95, showed very strong sequence similarity. Only four of the identified ORFs, including glycoproteins H (ORF22) and L (ORF47), uracil DNA glucosidase (ORF46), and the tegument protein (ORF67), showed less than 95% identity (28) . It was also noted that the ORF4 homolog in RRV17577 was considerably longer than the ORF4 homolog in RRV26-95. Unique ORFs were identified in the repetitive regions of both RRV strains which were not detected in the KSHV genome.
Phylogenetic analysis of a set of conserved core herpesvirus genes, including ORF8 (glycoprotein B; UL27 family), ORF9 (DNA polymerase; UL30 family), ORF37 (SOX shutoff exonuclease; UL12 family), and ORF64 (large tegument protein; UL36 family), has confirmed the separation of the Old World primate rhadinoviruses into two distinct lineages, RV1 and RV2 (26) . These studies suggest that a nonspeciative divergence after divergence of the Old and New World primates resulted in the RV1 and RV2 lineages, each populated by viruses from a range of Old World primate species. The macaque RFHVMn and the human KSHV are examples of the RV1 rhadinovirus lineage, while MneRV2, RRV, MfaRV2, and MfuRV2 from different macaque species are examples of the RV2 rhadinovirus lineage. Although the existence of a human RV2 rhadinovirus is suspected, there is no evidence, as yet, for its presence in the current human population. A tentative evolutionary time scale suggests that the RV1/ RV2 divergence occurred about 10 million years before divergence of the human and macaque homologs within each lineage (26) . Although the biological basis for the divergence is not known, novel gene capture events and mutational changes that affect tropism, host immune evasion, and/or biological processes are possible driving forces. Phylogenetic analysis showed longer branch lengths within RV1 rhadinoviruses than within RV2 rhadinoviruses, indicating an enhanced rate of evolution within the RV1 lineage (26) . The characterization and comparison of members of these two rhadinovirus lineages will provide insight into the nature of important evolutionary changes in these tumorassociated herpesviruses.
The pig-tailed macaque, Macaca nemestrina, is the only Old World primate that can be infected with HIV-1, and numerous pig-tailed macaque models have been developed for AIDS-related research. The pig-tailed macaque RV1 (RFHVMn) and RV2 (MneRV2) rhadinoviruses have been detected in AIDS-related malignancies, with strong evidence of an etiological association (21, 23) . We have recently determined the complete genome sequence of RFHVMn to study its role in KS-like malignancies in the pig-tailed macaque and its evolutionary relationship with KSHV and other RV1 rhadinoviruses (26) . To compare the RV1 and RV2 rhadinoviruses coinfecting the same primate species and to provide further information on the evolution of the RV2 rhadinovirus lineage, we have isolated an MneRV2 variant from a pig-tailed macaque (J97167) at the Washington National Primate Research Center (WaNPRC) and have determined the complete sequence of the MneRV2 genome. We report here the analysis of the MneRV2 genome with evolutionary comparisons to known RV1 and RV2 rhadinoviruses.
MATERIALS AND METHODS
Purification of MneRV2 DNA. An MneRV2 clone was originally isolated from peripheral blood leukocytes of pig-tailed macaque J97167 from the WaNPRC by coculture on rhesus primary fetal fibroblasts (RPFF) (31) . To produce viral DNA for sequencing, confluent cultures of RPFF were infected with MneRV2 and cultured until marked cytopathic effects were observed. Culture supernatant was centrifuged at low speed to remove cell debris and filtered through a 0.45-m filter. Virus particles were pelleted by high-speed centrifugation, and contaminating cellular DNA was digested with DNase I. Purified viral DNA was isolated by phenol-chloroform extraction of the treated particle pellet. The ratio of MneRV2 genomic and contaminating cellular DNA was determined to be 26,000 to 1, using qPCR assays specific for macaque RV2 rhadinovirus and oncostatin M, a single-copy cellular gene, as described previously (16) .
Next-generation (Next-Gen) sequence analysis and de novo assembly. A DNA library was prepared from 5 g of purified MneRV2 viral DNA using the Roche kit as described previously (32) . The sequencing was carried out on a Genome Sequencer 20 (GS20) system (454 Life Sciences Corporation). De novo assembly was performed using Newbler (32) . Contig gaps were closed by PCR with Invitrogen Platinum Taq with 2.5ϫ enhancer using PCR primers designed from the contig ends. The PCR products were blunt cloned into pJET2.1, and the resulting plasmids were sequenced with pJET primers. These sequences were used to assemble a complete genomic DNA contig.
Gene annotations. The annotation of the MneRV2 genome was initially performed using the Gene Annotation Transfer Utility (GATU) provided at the Viral Bioinformatics Resource Center (33) based on the reference sequence for RRV26-95 (AF210726). Additional open reading frames were identified using BLASTX (NCBI) and manual analysis. Dot plot alignments. Alignments of the complete genome sequences of MneRV2, RRV26-95, and RRV17577 were performed using the Java Dot Plot Alignment program (JDotter) provided at the Viral Bioinformatics Resource Center (34) .
Comparative and phylogenetic analyses. Sequence alignments were performed using GenePro software (Riverside Scientific) or MUSCLE (35) . Phylogenetic analyses were performed using protein maximum likelihood PhyML 3.0, implemented at LIRMM (36) . miRNA prediction. Ab initio prediction of pre-microRNA (miRNA) hairpin structures was carried out as described previously (37, 38) using the VMir software package with default settings.
Nucleotide sequence accession numbers. The MneRV2 genome was submitted to GenBank under accession number KP265674, and nucleotide and protein sequences analyzed in this report were derived from this accession record. Sequences used for comparison were derived from the GenBank accession records for KSHV (NC_009333), RFHVMn (KF703446), RRV17577 (NC_003401), RRV26-95 (AF201726), MfuRV2/ JMRV (AY528864), and EBV (NC_007605). Additional specific protein accession records are indicated in the text.
RESULTS AND DISCUSSION
454-based Next-Gen sequence analysis of the genome of MneRV2, the pig-tailed macaque RV2 rhadinovirus. We have previously isolated MneRV2 from a pig-tailed macaque (J97167) from the WaNPRC (16). Using PCR-based approaches, we and others have obtained sequences of several MneRV2 genes, including ORF8 glycoprotein B, ORF9 DNA polymerase, ORF59 DNA polymerase processivity factor, and ORF73 latency-associated nuclear antigen (LANA) (8, 22, 31, 39) . To further characterize MneRV2, we purified viral DNA from culture supernatants of rhesus primary fetal fibroblasts lytically infected with MneRV2 (J97167). A DNA library was prepared and sequenced using 454 technology. This resulted in 17,510 reads comprising 8,706,350 bases. After removing sequences shorter than 486 bp, a de novo assembly was performed using Newbler (32) . The assembly resulted in three large contigs with an average read depth of 200 separated by two gaps. By comparing the contigs to the published sequence of RRV, the gaps were determined to be ϳ800 and ϳ1,000 bp. Primers were designed from the ends of the contigs and used in PCRs to obtain a complete sequence of the MneRV2 (J97167) genome.
Genome organization of MneRV2. The final sequence of the pig-tailed macaque MneRV2 genome contained 129,494 bp with an overall GϩC content of 53.8%, which is similar to that of the KSHV genome at 53.5%. Sequence analysis identified 87 ORFs with similarity to other herpesvirus genes (Fig. 1) . Previous analysis of individual MneRV2 genes or gene fragments revealed a close similarity with corresponding gene homologs of the rhesus macaque RV2 rhadinovirus, RRV (8, 22, 31, 39) . The genomes of two closely related variants of rhesus macaque RV2 rhadinovirus, RRV17577 (27) and RRV26-95 (28), have been completely sequenced. The genome organizations of the two RRV variants were essentially identical and were closely but not entirely colinear with that of the human RV1 rhadinovirus, KSHV. Eighty-four open reading frames (ORFs) were identified in the original report of RRV26-95, while only 80 ORFs were identified in the original RRV17577 report. Three of the RRV ORFs that were not reported in the original RRV17577 manuscript have been subsequently identified in the NCBI accession record (NC_003401) and include R8, a homolog of KSHV K8/bZIP (NP_598360); R8.1, a homolog of KSHV envelope glycoprotein K8.1 (NP_598361); and ORF67.5, a homolog of KSHV ORF67.5 (NP_598363). The remaining unreported gene in RRV17577, RK15, is a homolog of the terminal KSHV spliced K15 gene that has been identified (40) but is not present in the current NCBI accession record (NC_003401). The nomenclature used to identify the RRV ORFs was not consistent between the two publications. The RRV26-95 manuscript patterned the gene names after the KSHV nomenclature, whereas the RRV17577 manuscript devised a new nomenclature, especially for the RRV-specific ORFs. We have used the RRV26-95 nomenclature to annotate the MneRV2 genome, since this corresponds to that used previously for KSHV (4) and its pig-tailed macaque homolog RFHVMn (26) .
The MneRV2 sequence initiated 451 bp upstream of the leftmost identified ORF, annotated as N1 due to the sequence similarity with the leftmost genes K1 in the KSHV genome, RF1 in the RFHVMn genome, and R1 in the RRV genomes. The 451-bp upstream sequence was 60.5% AT with 37.7% T residues and was homologous (Ͼ70% identical) to the corresponding sequences at the left ends of both RRV variants. Although the original report of the RRV17577 genome found no sequence homology between the leftmost RRV R1 and KSHV K1 genes, the R1 sequences from the two RRV variants were 98% identical, aligned closely with the MneRV2 N1 (53% identity; Table 1 ), and showed homology to the KSHV K1 and RFHVMn RF1 sequences (Fig. 2) . All four proteins contained two immunoglobulin-like (Ig-like) domains of Fc gamma receptor-like proteins with a putative transmembrane-spanning domain and a C-terminal domain containing multiple immunoglobulin receptor tyrosine-based activation motif (ITAM)-like motifs.
The MneRV2 genome sequence ended 1,143 bp downstream of the rightmost identified ORF, annotated as N15 due to the sequence similarity with the rightmost genes K15 in the KSHV genome and RF15 in the RFHVMn genome (Fig. 3A) . N15 was encoded on the DNA strand opposite that encoding N1, translated leftward in the MneRV2 genome (Fig. 1) . Although sequences homologous to the spliced KSHV K15 gene were observed in the RRV26-95 genome (annotated R15) (28) , no analysis of the potential spliced R15 ORF was provided in the original manuscript, nor was a K15 homolog identified in the original manuscript describing the RRV17577 genome (28) . A K15 homolog was subsequently identified in RRV17577, and the sequence of the spliced gene product, termed RK15, was determined (40) . The putative MneRV2 N15 homolog of KSHV K15, RFHVMn RF15, and RRV17577 RK15 contained an analogous spliced gene structure with conserved splice donor and acceptor sites (not shown), with sequence identities of 13%, 17%, and 61%, respectively. Analysis of the homologous R15 sequences present in the RRV26-95 genome revealed a number of unexpected stop codons and reading frameshifts, as well as a duplication of the N-terminal domain upstream, indicating that the RRV26-95 R15 gene was disrupted compared to the other K15 homologs (Fig. 3B ). Phylogenetic analysis revealed that the MneRV2 N15 sequence clustered with the RRV26-95 R15 (partial) and RRV17577 RK15 sequences in a branch separate from the two K15 isoforms, K15M and K15P, and the RFHVMn RF15 (Fig. 3C) . A comparison of the nucleotide sequences of MneRV2, RRV26-95, and RRV17577 revealed a common N15/R15 proximal promoter region ( Fig. 3A ; P-region, gray), a common repeat region containing variable numbers of repeats (MneRV2 DR10; repeat size 10, count 30, light blue), and an additional common region (dark blue). The common region was flanked by a GC-rich region (ϳ90% GC, orange) 83% conserved between MneRV2 and RRV17577, which flanked the terminal repeat region at the right end of the genomes (Fig. 3A) .
The MneRV2 genome was colinear with the genomes of RRV26-95 and RRV17577 and contained 46 herpesvirus core genes ( Fig. 1 ; light blue), 8 genes conserved in beta-and gammaherpesviruses ( Fig. 1; dark Fig. 1; green) . Finally, MneRV2 genes conserved with KSHV and other Old World primate rhadinoviruses included homologs of the ORFs K1, K2 (viral interleukin-6 [vIL-6]), K4 (vCCL-2), K7 (vIAP), K9 (vIRF-1), K12 (Kaposin), K13 (vFLIP), and K14 (vOX-2) ( Fig. 1; orange) . Like both RRV variants, MneRV2 lacked genes conserved within the RV1 rhadinoviruses KSHV and RFHVMn, including ORFs K3 (MIR1), K4.1 (vCCL-3), K4.2, K10, K10.5, and K11 and genes found uniquely in KSHV, including ORFs K5 (MIR2) and K6 (vCCL-1). Although an RRV homolog of KSHV ORFK12 had not been detected previously, our analysis revealed positional homologs of ORFK12 in the MneRV2 and RRV genomes, as described below. We have also identified an MneRV2 homolog of KSHV ORFK7 and RFHVMn ORFRF7, as described below, although no intact homologous ORFs were detected in either RRV strain or in MfuRV2. Like both RRV strains, MneRV2 contained an 8-fold duplication of homologs of the KSHV ORFK9 and RFHVMn ORFRF9 vIRF-1 genes (Fig. 1) . Amino acid identities between the proteins encoded by MneRV2 and RRV26-95 ranged from 32% (N12 and R12 homologs of the K12 Kaposin) to 95.7% (ORF55 tegument protein homologs), with a median of 82.8%. In contrast, a comparison of the MneRV2 and KSHV ORFs showed amino acid identities ranging from 11.0% (K8.1 virion envelope protein) to 72.3% (ORF25 major capsid protein) with a median of 41% (Table 1) .
Nine regions with tandem direct repeats were identified in the MneRV2 genome, clustering between ORF70 and ORF16 at the left end of the genome and between ORF69 and ORFN13 at the right end of the genome, which ranged in size from 65 bp (DR2; 89% AT) to 579 bp (DR6; 79% GC) (Fig. 1) . These correspond to similar repeat regions within the RRV genomes with nucleotide identities ranging from 71% (DR3; 50% GC) to 97% (DR7; 48% GC) between the corresponding MneRV2 and RRV26-95 direct repeats ( Fig. 1) . Fourteen small unique ORFs with no homology to existing cellular or viral sequences have been identified previously in the RRV26-95 genome, which span or are adjacent to these direct repeat regions (28) . The RRV26-95 RU-1 ORF (102 amino acids [aa]), which is immediately upstream of the DR2 region, overlaps the predicted Ori-Lyt-L regulatory domain that is conserved in MneRV2 (see below). No positional or sequence homolog of RU-1 was detected in the MneRV2 sequence. A number of unique ORFs were identified at the right end of the RRV26-95 genome within the DR5-7 and DR8-9 tandem repeat regions. While the nucleotide sequence similarity with the MneRV2 sequence was very high in these regions, the potential ORFs corresponding to the RRV unique ORFs (leftward, RU-8L, -10L, -12L, The 268-aa RRV26-95 ORF67 sequence is corrected from the published genomic sequence, which encoded an erroneous 222-aa ORF due to a base pair insertion sequencing error at bp 107619 (extra C), as described in the text. An additional sequencing error was identified in the RRV17577 ORF67 at bp 109544 (missing C), by sequence comparison. The corrected RRV17577 ORF67 sequence was 268 aa and 100% identical to the corrected RRV26-95 sequence. j R15 gene in RRV26-95 is disrupted as indicated in the text. The homologous gene in RRV 17577 (532 aa) has 61.1% identity with N15. k CMV, cytomegalovirus.
-13L, and -14L; rightward, RU-1R, -2R, -3R, -4R, -5R, and -7R) either had no initiating ATG in the corresponding MneRV2 sequence or contained internal stops or frameshifts disrupting potential conserved coding sequences. RU-11L and RU-6R ORFs, which are derived from opposite strands of the same genomic sequence, and RU-9L were conserved in the MneRV2 genome. As indicated below, RU-9L is a distantly related positional homolog of the MneRV2 N12 homolog of KSHV ORFK12 Kaposin. None of the putative RRV unique ORFs were conserved intact in the closely related MfuRV2 genome sequence, which also lacked ATG initiators or contained internal stops or multiple reading frameshifts. The lack of sequence homology of the RRV unique ORFs to corresponding repetitive regions of MneRV2 and MfuRV2 genomes, coupled with the fact that the RRV unique ORFs were detected in regions of the RRV, MneRV2, and MfuRV2 genomes that encode the set of latent microRNAs or contain the potential Ori-Lyt regulatory sequences, suggests that the putative RRV unique ORFs, except RU-9L, may not be protein coding. Alternate initiation sites. Analysis of the MneRV2 genome revealed a number of ORFs with methionine codons in frame and upstream of the protein initiation site predicted by sequence conservation, including ORFs 4, 6, 18, and 67.5, suggesting possible alternate sites of translation initiation. For the MneRV2 and RRV26-95 ORF4 and ORF18, highly conserved sequences extended downstream from the first ATG codon in the open reading frame ( Fig. 4A and C, lowercase red highlight) to a second ATG codon, which was conserved with the translation initiation sites in the ORF4 and ORF18 homologs of RFHVMn and KSHV ( Fig. 4A and C, indicated by #). The ORF4 and ORF18 homologs in RFHVMn, KSHV, and EBV initiated at the site of the second ATG codon in the MneRV2 and RRV26-95 sequences, as a translation stop codon occurred immediately upstream ( Fig. 4A and C, indicated by *). While the RRV17577 ORF4 sequence initiated at the same position as RFHVMn and KSHV ORF4 homologs (Fig. 4A) , the RRV17577 ORF18 sequence initiated at the same upstream ATG codon as the MneRV2 and RRV26-95 ORF18 sequences, and the encoded alternate N-terminal sequence was identical to that seen in RRV26-95 (Fig. 4C ). An upstream ATG codon was also present within the ORF6 homologs of MneRV2 and RFHVMn; however, little sequence conservation was apparent in the upstream coding sequences (Fig. 4B, lowercase) . In ORF67.5, the N-terminal extension of the coding sequence in MneRV2 corresponded to an N-terminal extension of the EBV homolog BFRF1A (Fig. 4G) . Alternate N-terminal initiations of ORF37 in RRV26-95 and RRV17577 were reported previously (AAF60016 and NP_570778, respectively). Alignment of the RRV, MneRV2, RFHVMn, KSHV, and EBV ORF37 homologs indicated that the ORF37 sequence predicted for RRV26-95 (AAF60016) was only a partial sequence, as the open reading frame extended 8 additional amino acids upstream to the first ATG codon in the open reading frame, which were identical to the predicted N-terminal sequences of the ORF37 homologs of MneRV2 and RRV17577 (Fig.  4D) . While the ORFK8 homologs of MneRV2 and KSHV showed a single conserved ATG initiation site in the open reading frame (Fig. 4F) , the open reading frames of the two RRV homologs extended much further upstream to a conserved alternate ATG initiation site and encoded 69 identical amino acids (Fig. 4F) . The open reading frames encoding ORF47 were different between the two RRV homologs. The initiation of the MneRV2 ORF47 homolog was identical to the RRV26-95 and MfuRV2 ORF47 homologs and corresponded to the same position in the KSHV ORF47. In contrast, the RRV17577 ORF47 open reading frame initiated three codons further upstream at a position analogous to the initiation of the ORF47 homologs of RFHVMn and EBV (BKRF2) (Fig. 4E) . Note that the RRV17577 ORF47 appears to be evolutionarily distinct from the ORF47 homologs of MneRV2 and RRV26-95 (see below). Analysis of the ORF68 homologs revealed a conserved Met initiator in MneRV2, RRV, and RFHVMn downstream of a stop codon. While KSHV ORF68 encoded a conserved Met initiator at this position, a long upstream ORF extension contained an additional possible Met initiator that was homologous to the initiator in the EBV BFLF1 homolog (Fig. 4H) . The KSHV ORF17 reading frame contained an additional Met initiator and 18 amino acids encoded upstream of the proposed Met initiators conserved in ORF17 homologs of RFHVMn, MneRV2, RRV, and EBV (data not shown).
In many of the cases of N-terminal extension of open reading frames upstream of a conserved initiation site, analysis of the underlying DNA sequence revealed the presence of a putative TATA transcriptional promoter element within the alternate upstream coding sequence (Fig. 4B, C , F, G, and H; indicated as TATA). If transcription initiated downstream of these promoter elements, then translation of the transcribed mRNA would initiate at the conserved ATG initiation codon (labeled # in Fig. 4) . If, however, transcription initiated further upstream, then the encoded proteins could contain the additional N-terminal amino acid se- quences indicated in Fig. 4 . An example of this is evident for the RRV26-95 R8 homolog of K8, which is transcribed in two mRNA transcripts (41) . One large bicistronic mRNA encodes the complete R8 ORF downstream of the ORF50 coding sequences, including the alternate N-terminal 69-amino-acid extension shown in Fig. 4F , suggesting that ribosomal initiation within the bicistronic mRNA could produce an R8 variant containing the Nterminal extension. A second monocistronic mRNA initiating downstream within the DNA corresponding to the R8 N-terminal extension (as indicated in Fig. 4F ) (TATA) would encode only the R8 ORF from the downstream conserved ATG initiation site. Since the K8 homologs of MneRV2, KSHV, RFHVMn, and EBV have a stop translation codon immediately upstream of the conserved ATG initiation site ( Fig. 4F; *) , bicistronic mRNAs would not encode a longer K8 variant in these viruses.
Conservation of transcription termination sites. Similar to mammalian transcripts, herpesvirus RNA polyadenylation employs two major polyadenylation [poly(A)] signals, "AAUAAA" and "AUUAAA," and flanking sequences to determine the 3= end of the mRNA transcript. The presence of putative poly(A) signals defining transcript termination in KSHV has been determined both bioinformatically and experimentally (42 (Fig. 1) . The RFHVMn genome lacks a homolog of ORF11 and instead has a poly(A) signal in ORF10. A putative poly(A) signal unique to MneRV2 was identified for ORF67A. Notably, both MneRV2 and RRV had unique poly(A) signals after the ORFs 2, 18, 48, K8, 60, and N15/R15 homologs (Fig. 1, arrows) . The poly(A) signal in ORF N8/R8 was shown to terminate RRV R8 transcription (41, 43) , yielding bicistronic ORF50/R8 or monocistronic R8 transcripts in RRV rather than the tricistronic ORF50/K8/K8.1, bicistronic K8/K8.1 transcripts identified in KSHV. A tricistronic RRV transcript depicted in the study by DeWire et al. (41) is not supported by published data.
A major difference between the RV2 rhadinoviruses (MneRV2 and RRV) and the RV1 rhadinoviruses (KSHV and RFHVMn) is the presence of an amplified set of 8 The initiating methionine in ORF50 of the rhadinoviruses is present in a short exon upstream of ORF49/BRRF1, while the initiating methionine in the lymphocryptovirus BRLF1 homolog is present in the downstream spliced exon. (B) While an initiating methionine is present in the upstream exon of spliced transcripts of the rhadinovirus ORF57 and lymphocryptovirus BSLF2 homologs, both MneRV2 and RRV encode an alternate highly conserved N-terminal sequence upstream of the ORF57 coding sequence from a potential nonspliced transcript. The other genomes lack a potential initiating codon in the downstream exon (*, stop codon within the ORF). (C1) The rhadinovirus ORF29A and ORF29B, like the homologous lymphocryptovirus BGRF1 and BDRF1, can be spliced, not conserved in RRV ORFR9-8. While additional variant poly(A) signals may exist, the overall high conservation of AAUAAA and AUUAAA poly(A) signals indicates strong similarities in mRNA transcript production and regulation between the RV1 and RV2 rhadinoviruses.
Conservation of spliced transcripts. Comparative analysis of the MneRV2 genome identified a strong conservation of donor and acceptor sites within the coding regions for the characteristic spliced gene transcripts identified in KSHV and related rhadinoviruses, which included ORF29, ORF40, ORF50, K8, K8.1, ORF57, and K15 ( Fig. 1 ; spliced sites indicated with a thin black bar within colored ORFs or as connections between colored ORFs). While alternate splicing has been detected in the KSHV ORF4 KCP (44) and RRV17577 ORF4 CCP (45) , no conserved splice donor or acceptor sites were unambiguously identified by sequence analysis within the ORF4 homologs of the MneRV2 or RRV26-95 genomes. Additional spliced transcripts have been detected in noncoding regions of the KSHV K13, ORF72, and ORF73, but lack of sequence similarity within the MneRV2 homologs of these genes precluded the identification of conserved splice sites.
ORF50/K8/K8.1 homologs. Major immediate early transcripts of KSHV initiating from a "TTTAAAAA" TATA-like element upstream of ORF50 are tricistronic with alternate splicing across the ORF50/K8/K8.1 region of the genome, encoding the replication transactivator ORF50 and multiple variants of the ORFK8 homolog of bZIP (46) . Alternative promoter elements, "TATAA" upstream of ORFK8 and "AATATTAA" upstream of ORFK8.1, specify bicistronic ORFK8/K8.1 and monocistronic ORFK8.1 transcripts, respectively (47-49). All transcripts terminate at an "AAUAAA" poly(A) signal immediately downstream of the K8.1 region. A complete conservation of the ORF50, K8, and K8.1 promoter elements was observed in the MneRV2 and RRV genomes (Fig. 5A) . However, an additional "AAUAAA" poly(A) site was detected downstream of the N8 and R8 genes that was not conserved in the KSHV K8 homolog (Fig. 1 , vertical arrows, and Fig. 5A , highlighted in red). Only bicistronic ORF50/R8 and monocistronic transcripts of ORF50, R8, or R8.1 have been identified in RRV (41, 43) (Fig. 5B) . For KSHV ORF50, an initial exon located leftward of ORF49, which encodes the initiating methionine and 6 other amino acids, is spliced to an exon rightward of ORF49 that encodes the remainder of the ORF50 protein ( Fig. 1 and  5) . A similar splice event has been detected in RRV (41, 43) (Fig. 5B) . Analysis of the MneRV2 sequence revealed splice donor (AGGT) and acceptor (pyrimidine stretch-T/CAG) sites in the MneRV2 ORF50 gene that were highly conserved in the ORF50 homologs of RRV, RFHVMn, KSHV, and EBV (BRLF1) (Fig. 6A) , which would yield a 575-aa spliced MneRV2 ORF50 gene product (Fig. 5) . Alternately spliced transcripts of the RRV R8 gene have been detected (41, 43) , and the splice donor and acceptor sites were completely conserved in the MneRV2 N8 gene (Fig. 5B) . Bicistronic and monocistronic transcripts from the N8 gene would yield ORFN8␥ (162 aa) from an unspliced transcript and ORFN8␣ (222 aa) from a doubly spliced transcript (Fig. 5B) , showing strong homology to similar ORFs R8␥ (177 aa) and R8␣ (234 aa) derived from corresponding RRV transcripts (Table 1) . Alternatively spliced monocistronic transcripts have been detected for KSHV K8.1 (47) and RRV R8.1 (49) genes from the immediate upstream promoter "AATATTAA." This promoter and the splice donor and acceptor sites were highly conserved in the MneRV2 N8.1 gene, specifying transcripts encoding N8.1␥ (195 aa) from an unspliced transcript and N8.1␣ (274 aa) from a singly spliced transcript (Fig. 5B) showing strong homology to similar ORFs R8.1␥ (230 aa) and R8.1␣ (275 aa) derived from corresponding transcripts of RRV (Table 1 ). Both N8.1 variants would contain a putative N-terminal hydrophobic signal sequence with predicted cleavage between S26 and V27 and a highly glycosylated N-terminal domain. N8.1␣ would also contain a C-terminal hydrophobic transmembrane-associated domain from the downstream spliced exon, similar in structure to the R8.1␣ and the K8.1␣ virion glycoprotein (50, 51) .
ORF57. In KSHV, ORF57 is produced from a spliced transcript containing a small upstream exon encoding a methionine-rich 15-aa N-terminal sequence and a large downstream exon encoding the remainder of the 455-aa protein. Conserved splice donor and acceptor sites were identified in the ORF57 genes of MneRV2 and RRV predicting spliced transcripts encoding 447-aa and 446-aa ORF57 homologs, respectively, that were 87.9% identical ( Fig. 6B; Table 1 ). Unlike the ORF57 homologs of KSHV and RFHVMn, the open reading frame in the large downstream exons of MneRV2 and RRV initiated with a methionine codon within the spliced intron region such that an unspliced transcript would encode 443-aa and 442-aa MneRV2 and RRV ORF57A homologs, respectively, containing 13 highly conserved N-terminal amino acids encoded within the intron region (Fig. 6B) . Thus, MneRV2 and RRV could encode ORF57 homologs with alternate N-terminal sequences derived from spliced or unspliced transcripts.
ORF29. In KSHV, ORF29 is split into two distinct coding sequences, ORF29A (312 aa) and ORF29B (351 aa), separated by ORFs 30 to 33, which can be spliced into a single transcript in which the coding sequence in ORF29A continues in ORF29B (Fig.  6C1) , creating a 687-aa spliced ORF29 immediate early gene product (YP_001129382). MneRV2 encodes homologs of ORF29A (327 aa) and ORF29B (348 aa), which are homologous to similar ORFs in KSHV and RRV ( Table 1 ). The splice donor and acceptor sites for the ORF29 spliced gene product are highly conserved in MneRV2, RRV, RFHVMn, KSHV, and EBV (Fig. 6C2 ) and would producing a longer transcript encoding a fusion protein, ORF29 or BGRF1-BDRF1, as indicated. However, strong sequence conservation is seen within the C-terminal domain of ORF29A of MneRV2, RRV, and RFHVMn that would be encoded by an unspliced ORF29A transcript. Furthermore, a highly conserved initiating methionine is present in the ORF29B homologs of MneRV2, RRV, RFHVMn, KSHV, and EBV (red highlight). This methionine initiates translation of KSHV ORF29B from a bicistronic spliced transcript containing ORF48 and ORF29B (48) , suggesting that the same could occur in the other viruses. (C2) Analysis of the ORF29A donor site in the five viruses reveals a highly conserved atypical donor site, AYGT, suggesting common regulation of splicing. (D1) The rhadinovirus ORF40A and ORF41, like the homologous lymphocryptovirus BBLF2 and BBLF3, can be spliced, producing a longer transcript encoding a fusion protein, ORF40, as indicated. However, strong sequence conservation is seen within the C-terminal domain of ORF40A of MneRV2 and RRV that would be encoded by an unspliced ORF40A transcript (red highlight). Whereas possible translation initiators were identified in the ORF41/BBLF3 exons of RFHVMn, KSHV, and EBV (purple highlight) allowing for the separate expression of distinct ORF41/BBLF3 proteins, both MneRV2 and RRV encode an alternate highly conserved N-terminal sequence upstream of ORF41 from a potential nonspliced transcript (red highlight). The other genomes contain a stop codon (*) in the sequence upstream flanking the acceptor site. (D2) Analysis of the ORF40A donor site in the five viruses reveals a conserved atypical donor site, DYGT, in the MneRV2 and RRV sequences that is not found in the other viral genomes, suggesting differential regulation of splicing.
yield a fused ORF29 gene product in MneRV2 (681 aa) ( Table 1 ). An additional KSHV transcript has been identified in which an exon encoding ORF48 is spliced into the ORF29B exon after the ORF48 stop codon, creating a bicistronic mRNA encoding ORF48 and ORF29B as single protein products (48) . The ORF29B homologs of KSHV, MneRV2, RRV, RFHVMn, and EBV all contain a conserved Met initiator (Fig. 6C1, highlighted in yellow) , suggesting that the ORF29B exon can also be expressed as a single gene product in these related viruses. Examination of the downstream C-terminal extension of the MneRV2, RRV, and RFHVMn ORF29A homologs within the intron region revealed substantial sequence similarity (Fig. 6C1, highlighted) , suggesting that the ORF29A homologs could also be expressed as single gene products from an unspliced transcript with a conserved C-terminal domain encoded within the intron, which is lacking from the spliced ORF29 sequence. ORF40/41. In KSHV, ORF40A (457 aa) and ORF41 (205 aa) can be spliced into a single transcript producing ORF40 (669 aa), a fusion of the coding sequences of ORFs 40A and 41 (52) . MneRV2 encodes homologs of ORF40A (460 aa) and ORF41 (203 aa), similar to RRV (Table 1) . A conserved splice donor site at the end of ORF40A and acceptor site at the beginning of ORF41 are also present in the ORF40/41 homologs of MneRV2, RRV, RFHVMn, and EBV (BBLF2/BBLF3) ( Fig. 6D1 and D2 ). This suggests that MneRV2, like the other viruses, could produce a single spliced transcript encoding an ORF40 homolog (638-aa) fusion of ORF40A and ORF41 (Table 1) . It is interesting that the donor sites of MneRV2 and RRV utilize the more variable XTGT sequence rather than the more common XGGT sequence found in the other viral sequences (Fig. 6D2, highlighted in red) . A smaller monocistronic transcript has been identified in KSHV encoding only ORF41 (52) , which initiates at an ATG codon that is not conserved in MneRV2, RRV, RFHVMn, or EBV ( Fig. 6D1 ; see Met highlighted yellow). Analysis of the ORF41 reading frames in MneRV2 and RRV revealed N-terminal amino acid sequences upstream of the splice acceptor site that encode 14 additional highly conserved amino acids ( Fig. 6D1; ORF41 N-term) , which were not detected in ORF41 homologs of KSHV, RFHVMn, or EBV, as a translational stop codon in the reading frame was immediately upstream of the splice acceptor site ( Fig. 6D1 ; stop codon shown by *). The coupling of the variable XTGT donor site with the presence of alternate N-terminal ATG initiation sites in MneRV2 and RRV ORF41 homologs suggests a difference in the regulation of the spliced and nonspliced variants of ORF41 between the RV2 rhadinoviruses, MneRV2 and RRV, and the other gammaherpesviruses.
The MneRV2 ORF4 CCP homolog is structurally similar to ORF4 of RRV26-95 and not RRV17577. A DNA dot plot analysis of the first 10,000 bp of the MneRV2 genome revealed a close sequence similarity and colinearity with the RRV26-95 genome encoding ORFN1/R1, ORF2 (DHFR), ORF4 (complement control protein [CCP] homolog), ORF6 (SSDB), and ORF7 (terminase) (Fig. 7A) . The same dot plot analysis between MneRV2 and the RRV17577 genome sequence revealed a marked discontinuity within the ORF4 region. Previous studies have shown that the ORF4 homolog of RRV is different in the two RRV strains. RRV26-95 encodes a protein (AAF59982) with four CCP N-terminal domains, while RRV17577 encodes a larger protein (NP_570746) with eight CCP domains (45) . Analysis of the encoded amino acid sequences revealed that the MneRV2 ORF4 was closely related to the RRV26-95 and MfuRV2 ORF4 sequences with an N-terminal signal peptide, four CCP domains, and a conserved serine/threonine (S/T) domain prior to the first cysteine residue (Fig. 7B ). This gene structure was similar to that seen in the ORF4 KCP homologs of KSHV and RFHVMn, except that these latter proteins had larger regions between the CCP and S/T domains (Fig. 7B) . Phylogenetic analysis of the CCP domains revealed a close clustering of the CCP domains 1 to 4 of RRV26-95 and MfuRV2, consistent with the close evolutionary relationship between the rhesus and fuscata macaque hosts (Fig. 7C) . The phylogenetic analysis revealed that the MneRV2 CCP domains 1 to 4 were more distantly related but clustered together with the other RV2 rhadinovirus RRV26-95 and MfuRV2 homologs. The CCP domains of the rhesus macaque complement 4 binding protein (Mmu-C4BP; XP_001082210) were used as an outgroup. The CCP domains 1 to 4 of the ORF4 homologs of KSHV and RFHVMn clustered together, separately from the RV2 rhadinovirus proteins, confirming the close evolutionary relationship between these RV1 rhadinoviruses. Interestingly, the RRV17577 CCP domains 1 to 4 and 5 to 8 branched separately from the RV1 and RV2 rhadinovirus CCP domains. The RRV17577 CCP domains 5 to 8 were more closely related to the RV2 rhadinovirus CCP domains 1 to 4, while the RRV17577 CCP domains 1 to 4 were more closely related to the RV1 rhadinovirus CCP sequences. This suggests that the additional N-terminal CCP domains 1 to 4 and adjacent S/T domain of RRV17577 could have derived through recombination with an ancestral RV1 rhadinovirus at some point in evolution, resulting in a larger protein with a duplication of the four CCP and one S/T domain. MneRV2, like RRV26-95, shows no evidence for this potential recombination event.
Conservation of nucleotide motifs in the Ori-Lyt regions of MneRV2. KSHV contains two duplicated origins of lytic replication (Ori-Lyt) within an ϳ1-kb inverted repeat. Ori-Lyt-L is located between ORFs 11 and 16, while Ori-Lyt-R is located between ORFs 69 and 71 (Fig. 1) . A sequence alignment of the KSHV OriLyt-L and Ori-Ly-R (inverted) revealed ϳ90% average nucleotide identity across the 1-kb region interrupted only by the kshv-miR-K12-9 gene, with 500 bp of identical sequence (26) . Previous analysis of the homologous region in RFHVMn revealed little nucleotide similarity between the left and right Ori-Lyt regions except a remarkable conservation of a number of sequence motifs, which were also conserved in both KSHV Ori-Lyt-L and Ori-Lyt-R (26) . A number of these sequence motifs have been identified as critical for KSHV lytic DNA replication, including eight CCAAT/enhancer binding protein (C/EBP) binding motifs required for binding of the ORFK8/bZIP homolog and an 18-bp AT palindrome essential for Ori-Lyt function (53, 54) . The palindromes in RFHVMn and KSHV consist of conserved "CCAAT/TCAAT" and "ATTGG" motifs separated by a 12-or 13-bp loop region (Fig. 8C  and D, respectively) . Analysis of the homologous regions in the MneRV2 genome revealed a 15-bp TATATA motif homologous to the 18-bp AT palindrome in KSHV and RFHVMn and a set of conserved C/EBP palindromic motifs, whose structure and sequence varied slightly from that seen in KSHV (Fig. 8A) . A functional lytic origin has been identified between ORFs 69 and 71 in RRV (55) , and analysis of the RRV sequence in this region revealed a 15-bp TATATA motif and a set of conserved C/EBP motifs with sequences nearly identical to the MneRV2 motifs (Fig. 8B) . Like RFHVMn, the MneRV2 and RRV Ori-L and Ori-R regions are part of an inverted repeat structure that shows little similarity between the two regions other than the conserved motifs, in contrast to KSHV. While the KSHV and RFHVMn Ori regions contain additional motifs not conserved in MneRV2 and RRV ( Fig.  8C and D; AT and GC motifs), the MneRV2 and RRV Ori regions
FIG 9
The MneRV2 PAN locus encodes a homolog of KSHV ORFK7. The sequences of MneRV2 ORFN7, KSHV ORFK7 (YP_001129367), and RFHVMn ORFRF7 (AGY30697) positional homologs were aligned. Since the K7 sequence was previously shown to have sequence similarity to human survivin, the sequence of survivin IAP repeat-containing protein 5 isoform 2 (NP_001012270) from aa 7 to aa 94 was also aligned. The amino acid sequences of the homologous regions within RRV (R7?) and MfuRV2 (Fu7?), which lack obvious ATG or CTG initiation codons and are disrupted by stop codons (*, highlighted in purple), were also aligned. Amino acid residues conserved among K7, RF7, and survivin are highlighted in black; those conserved between K7, RF7, N7, R7?, and/or Fu7? are highlighted in green; those conserved between RF7 and survivin are highlighted in red; those conserved between RF7 and N7 are highlighted in yellow; those conserved between K7 and survivin are highlighted in blue with white text; and those conserved between N7, R7?, and Fu7? are highlighted in blue with black text. Putative N-terminal hydrophobic transmembrane domains missing in N7, R7?, and Fu7? are underlined.
contain two other motifs flanking the C/EBP motifs that are conserved in RFHVMn and KSHV ( Fig. 8A to D ; ATC and GT motifs), which are predicted to play critical roles in replication due to their evolutionary conservation.
MneRV2 PAN locus. The PAN locus in KSHV, located between ORFs K6 and 16, encodes PAN, the major lytic polyadenylated nuclear RNA (T1.1), and ORFK7, an inhibitor of apoptosis with sequence similarity to a splice variant of human survivin (56) . Using transcriptome sequencing (RNA-seq) analysis of RNA transcripts from spleen tissue from an MneRV2-infected macaque, we identified a homolog of KSHV PAN in the MneRV2 genome downstream of ORF16 (Fig. 1) , which is similarly posi- The translated sequence of Fu12 from the MfuRV2 genome sequence is shown but lacks a methionine initiator and contains a shift (\) and stop codon (*) in the reading frame. Residues conserved with K12 are highlighted black; residues conserved with RF12 are highlighted red; residues conserved with N12 are highlighted blue. (C) Alignment of the kshv-miR-K12-10a, rfhvmn-miRc-RF9, mnerv2-miRc-N12-15, and rrv-miR-rR1-15 viral pre-miRNAs with the human cellular miR-142-3p. The 5p and 3p mature miRNAs are indicated (bold, underlined). The conserved seed sequences are highlighted in black with 5= and 3= residues highlighted in red or blue that would constitute part of the seed sequence depending on processing. The nonconserved K12-10-5p seed is highlighted in yellow. tioned, with close sequence homology to the PAN RNA identified in RRV (data not shown). Analysis of the sequence immediately preceding the 5= end of the MneRV2 PAN RNA revealed a previously unidentified ORF encoding a 116-aa protein with sequence similarity to KSHV ORFK7 (7.8% identity) and RFHVMn ORFRF7 (29.3% identity) ( Table 1) . Like ORFK7, MneRV2 ORFN7 initiates upstream of the transcription start site of the PAN RNA, suggesting that ORFN7 and PAN are expressed as separate transcripts terminating at the same poly(A) site (Fig. 1) . ORFs K7 and RF7 encode N-terminal hydrophobic signal sequences and show sequence homology to human survivin (26) . Despite obvious sequence homology with ORFs K7 and RF7, ORFN7 lacks an obvious signal sequence and has only minimal sequence similarity with survivin (Fig. 9) . While the RRV and MfuRV2 PAN regions encode homologous sequences, there is no obvious translation initiator, and the RRV PAN ORF is disrupted with a stop codon (Fig. 9) . Both MneRV2 and RRV PAN RNAs contain a region of repetitive DNA upstream of the polyadenylation site (Fig. 1, DR3) , with close sequence similarity between the repeats.
MneRV2 latency locus. Like KSHV and RRV, MneRV2 contains a genomic region homologous to the KSHV latency locus at the right end of the genome and encodes homologs of vFLIP-K13 (ORF71), vCyc (ORF72), and LANA (ORF73) (Fig. 1) . We have previously published the sequence of MneRV2 LANA and showed that, like RRV LANA, it lacks the characteristic large acidic repeat region that is found in KSHV and its RV1 macaque homolog, RFHVMn (22) . MneRV2 and RRV LANA displayed ϳ60% amino acid identity and contained a similar serine-proline-rich N-terminal region and a C-terminal domain that was homologous to KSHV LANA. However, there was only 16.2% amino acid identity with KSHV LANA (Table 1) . The MneRV2 and RRV vFLIP-K13 and vCyc homologs were highly conserved, with 90.4 and 83.9% amino acid identity, respectively, and showed strong similarity to the related KSHV sequences ( Table 1) .
The 60-aa KSHV ORFK12 Kaposin A is encoded downstream of the KSHV Ori-R, while the larger Kaposin B is encoded within the adjacent DR5/6 direct repeats (Fig. 10A) . The RFHVMn genome lacks direct repeats in this region but encodes RF12 (212 aa), a larger homolog of Kaposin A with a C-terminal extension containing a highly basic domain (26) (Fig. 10B) . Analysis of the MneRV2 genome sequence identified an open reading frame encoding a distantly related 109-aa Kaposin homolog that we have designated N12, which contains an "HVPV-L" motif conserved in Kaposin A (Fig. 10B) . Analysis of the two RRV genomes revealed an 89-aa ORF, designated R12, which is homologous to N12 containing the "HVPV-L" motif and an adjacent "PGTQR" motif conserved in N12. The R12 ORF could initiate either at a Met codon conserved with the Kaposin initiator, encoding 63 aa, or at an upstream Met initiating a longer ORF encoding an additional N-terminal hydrophobic domain reminiscent of a signal peptide (AF210726, 89 aa) (Fig. 10B) . While a homologous sequence, here designated F12, was detected in the Japanese macaque rhadinovirus (MfuRV2) genome, the N-terminal sequence contained a stop codon and a reading frameshift, with no obvious Met initiator (Fig. 10B) . Unlike K12 and R12, the N12 ORF contained a C-terminal extension, similar to that seen in RF12, which also contained an arginine-rich C-terminal basic domain (Fig. 10B) .
The genomic region of KSHV flanking Ori-R between ORFs 69 and 71 encodes a set of 12 microRNA (miRNA) sequences ( (Fig. 10A) . High levels of sequence similarity were detected between the MneRV2 and RRV positional homologs, with more than half having Ͼ90% sequence conservation (Table  2) . Of the 15 positional homologs, 13 had at least one mature miRNA with a conserved 7-bp seed, and one had a conserved 6-bp seed (mnerv2-miRc-N12-12). Only one MneRV2 candidate, mnerv2-miRc-N12-2, had no conserved seed sequence with its positional homolog. Of the 27 known RRV mature miRNAs, 20 had a conserved 7-bp seed, 4 had a conserved 6-bp seed, and only three were not conserved in the positional homolog in MneRV2. Independent studies previously identified a seed sequence conservation between KSHV miR-K12-10a-3p and either RRV miR-rR1-15-3p (57) or RFHVMn miRc-RF9-3p (26) . The MneRV2 miR-N12-15 sequence was closely related to RRV rR1-15 with identical 5p and 3p seed sequences (Fig. 10C) . The 3p seed sequences of both MneRV2 miRc-N12-15 and RRV rR1-15 aligned with the 3p seed sequences of KSHV K12-10a and RFHV RF9, indicating an important conservation during the miRNA evolution of these primate rhadinoviruses. The viral miRNAs maintained the same seed sequence as the human cellular miRNA 142-3p (Fig. 10C) , which is known to antagonize growth factor signaling influencing cellular proliferation (58) .
Phylogenetic relationship of MneRV2 to other Old World primate rhadinoviruses. Previous studies analyzing the genes of (8, 16, 31) . ORF59 from MfaRV2, the RV2 rhadinovirus of the long-tailed macaque, clustered closely with the RRV ORF59, while the MneRV2 ORF59 branched separately. As the rhesus and long-tailed macaques are more closely related to each other than to the pig-tailed macaque due to geographical separation (59), the evolutionary relationship of the viral ORF59 homologs correlates with the evolutionary relationship of their macaque hosts (31) . To examine in more detail the phylogenetic relationship of the MneRV2-encoded proteins to the other Old World primate rhadinoviruses, we aligned and performed maximum likelihood analysis examining several conserved homologs of the KSHV glycoproteins ORFK1, ORFK8.1, and ORF8 (gB) encoded within the genomes of MneRV2, RFHVMn (RV1 rhadinovirus from the pig-tailed macaque), and the two RRV variants, 26-95 and 17577, isolated from rhesus macaques at the New England and Oregon National Primate Research Centers, respectively. As the genome of MfaRV2 has not been completely characterized, we also examined the phylogenetic relationship of the glycoprotein homologs of MfuRV2 (host ϭ Japanese macaque), which has been completely sequenced. Like the long-tailed macaque, the Japanese macaque is more closely related to the rhesus macaque than to the pig-tailed macaque. As seen in Fig. 11A , the ORFK1, K8.1, and ORF8 gB homologs of MneRV2, RRV, and MfuRV2 phylogenetically clustered in a pattern consistent with the evolutionary relationship of their respective hosts. The homologs from the two RRV strains clustered together. While the MfuRV2 homologs clustered with those of the two RRV strains, the MneRV2 homologs branched separately, showing a more distant relationship. In all cases, the homologs of the RV1 rhadinoviruses KSHV and RFHVMn clustered separately from the macaque RV2 rhadinovirus homologs. For ORF8 gB, the homologs of pig-tailed macaque rhadinovirus (PRV), an additional strain of MneRV2 identified in the New England primate center, and RFHVMm from a rhesus macaque were included in the analysis. These sequences clustered in a manner consistent with the evolutionary relationship of their hosts. It was previously noted that phylogenetic clustering of the interacting glycoprotein pairs ORF22 (gH) and ORF47 (gL) was distinct between RRV isolates similar to RRV26-95 and isolates similar to RRV17577. Furthermore, the phylogenetic clustering of the independent glycoprotein ORF8 gB sequences was not associated with the gH/gL paired clustering (60) . An alignment and protein maximum likelihood analysis of the ORF22 gH and ORF47 gL homologs of MneRV2 showed a similar phylogenetic relationship to the homologs of RRV26-95 and MfuRV2, as seen with ORFK1, ORFK8.1, and ORF8 gB above (Fig. 11B) , in which the RRV26-95 and MfuRV2 sequences clustered together, separate from the MneRV2 sequences. In contrast, the ORF22 gH and ORF47 gL of RRV17577 both branched separately from the MneRV2/RRV26-95/MfuRV2 cluster, indicating an atypical evolutionary relationship compared to the other RRV17577 glycoprotein and core genes (Fig. 11B) . The gH and gL genes from the RRV isolates clustering with RRV17577 lacked sequence variation, showing no evidence of unusual evolutionary pressure (60) . This suggests that unlike MneRV2 and RRV26-95, the RRV17577 gH and gL variants were derived from a gene capture event of one or both of the interacting genes from a more distantly related herpesvirus. Since the ORF22 gH and ORF47 gL genes are separated by 30,000 bp of the genome, we examined the evolutionary relationship of the immediate flanking genes to determine the extent of a potential capture anomaly. The sequences of ORFs 21 and 23 flanking ORF22 and ORF48 flanking the right side of ORF47 were 99 to 100% identical between RRV26-95 and RRV17577 and showed the expected evolutionary relationship with MneRV2 typified by the genes in Fig. 11A . While the C-terminal 230 aa of the 255-aa ORF46 were 99% identical between RRV26-95 and RRV17577, the N-terminal 25 aa adjacent to the C terminus of ORF47 on the left side were only 50% identical, indicating that the genomic anomaly present in RRV17577 ORF47 gL continued upstream into the N terminus of ORF46. In this 25-aa region, the ORF46 homologs of MfuRV2 and RRV26-95 were 92% identical. Thus, the MneRV2 gene structure in these regions resembled RRV26-95 and MfuRV2 and not RRV17577. Note that a 255-aa corrected version of RRV26-95 ORF46 was used in this analysis (Table 1) , as obvious sequence insertion errors were present in the RRV26-95 genomic sequence (AF201726) at positions 62577 and 62668, encoding an erroneous 230-aa ORF46 sequence indicated in the original manuscript (28) .
Summary. We have sequenced the complete genome of the pig-tailed macaque RV2 rhadinovirus, MneRV2, and have identified 87 protein coding genes and 17 candidate miRNAs. Phylogenetic analysis of common herpesvirus core genes demonstrated that MneRV2 was closely related to but distinct from the other known macaque RV2 rhadinoviruses, including the two RRV strains, RRV26-95 and RRV17577, from rhesus macaques; MfuRV2/JMRV from the Japanese macaque; and MfaRV2 from the long-tailed macaque, which all clustered in a separate phylogenetic grouping. This relationship mirrored the evolutionary relationship between the macaque host species. MneRV2 appears to have evolved in long-term synchrony with its pig-tailed macaque host. However, obvious genomic changes have occurred recently in the two RRV strains since the separation of pig-tailed and rhesus macaques and the divergence of the two RRV strains (Fig. 12) . While the structure of the MneRV2 genome closely matched the RRV26-95 genome with a high degree of protein and RNA sequence conservation, R15, the rightmost gene of RRV26-95, was disrupted compared to MneRV2, with an insertion of a repetitive sequence and a duplication of the N terminus. The RRV17577 genome contained several variations compared to MneRV2 and RRV26-95, including a duplication within ORF4 and a potential recombination event from a divergent rhadinovirus involving the interacting glycoprotein partners ORF22 (gH) and ORF47 (gL). Like RRV26-95, RRV17577 lacked the intact homolog of ORFK7 that was identified in MneRV2 (N7). Thus, MneRV2 exhibits a more typical rhadinovirus genomic structure than either of the two known RRV strains, RRV26-95 and RRV17577. Although different subspecies of rhesus macaques are known, it is not clear whether the two RRV strains derive from different host subspecies. The comparison of MneRV2 with other rhadinoviruses has revealed important conservation of protein coding domains and transcription initiation, termination, and splicing signals, which have added to our knowledge of the genetics of the RV2 rhadinoviruses. Our analysis of the MneRV2 genome has detected previously unknown rhadinovirus gene conservation. The comparison of the MneRV2 genome sequence with the published sequences of RRV17577 and RRV26-95 revealed probable sequencing errors in RRV26-95 ORF46 (2 single-base-pair insertions) and ORF67 (1-bp insertion) and RRV17577 ORF67 (1-bp deletion) (Table 1) , which changed the C-terminal ends of these ORFs from highly conserved to nonsense unconserved. While these ORFs were identified as the least conserved between RRV26-95 and RRV17577 in the original publication (28) , the revised C-terminal sequences after elimination of the sequencing errors were 100% identical between the two viruses. Further comparisons with KSHV and other RV1 rhadinoviruses will provide important avenues for dissecting the biology and pathology of these closely related viruses in humans and other Old World primates. It is interesting that the evolutionary studies suggest that the human lineage was also host to an RV2 rhadinovirus related to MneRV2 and RRV, but the search for such a virus has been unsuccessful to this point.
